The emission spectrum of individual high-quality ZnO nanowires consists of a series of Fabry−Pérot-like eigenmodes that extend far below the band gap of ZnO. Spatially resolved luminescence spectroscopy shows that light is emitted predominantly at both wire ends, with identical spectra reflecting standing wave polariton eigenmodes. The intensity of the modes increases supralinearly with the excitation intensity, indicating that the mode population is governed by scattering among polaritons. Due to strong light−matter interaction, light emission from a ZnO nanowire is not dictated by the electronic band diagram of ZnO but depends also on the wire geometry and the excitation intensity. Delocalized polaritons provide a natural explanation for the pronounced subwavelength guiding in ZnO wires that has been reported previously.
The research field of semiconductor nanowires has been expanding rapidly in the last years due to the promise of applications in logic and memory devices, 1,2 sensors, 3,4 miniaturized optoelectrical devices such as LEDs 5, 6 and lasers, [7] [8] [9] and circuits for optical information transfer. 10 Nanowires of II-VI semiconductor compounds, such as CdS and ZnO, and the III-V compound GaN are currently attracting a strong interest due to their intriguing optical properties. For instance, single wires show lasing under optical excitation; strikingly, the lasing light has a wavelength that is larger than the diameter of the semiconductor wire. 8, 9, 11, 12 The technological relevance of these results is demonstrated by the first electrically driven laser device based on a CdS nanowire. 7 Furthermore, efficient guiding of UV and visible light has been reported in nanowires that consist of ZnO, SnO 2 , and CdS. 13, 14 Remarkably, the guided light has, in many cases, a vacuum wavelength larger than the wire diameter. This phenomenon has been called "active wave guiding" in the literature. 14 Despite the potential of semiconductor nanowires for photonic applications, the physics that underlie the optical properties has not yet received great attention. For instance, the mechanism of luminescence and lasing in nanowires of II-VI semiconductors is unclear: are free electrons and holes involved or excitons, and to what extent is light-matter interaction in the wire playing a role? Furthermore, the nature of the excitations that mediate the "active" light guiding in nanowires has not been studied in detail. Semiconductor nanowires form a relatively new field, and the level of physical understanding is considerably less than that of planar semiconductor cavities, where exciton-photon conversion and interaction has been studied in much detail. [15] [16] [17] In the present work, we present new results on the light emission from a ZnO nanowire, which can only be understood if a strong light-matter interaction is taken into account.
ZnO crystals possess remarkable optoelectronic properties such as three exciton resonances (A, B, and C exciton) due to spin-orbit coupling in the crystal field with a large oscillator strength and an exciton binding energy up to 60 meV. 18 As a consequence, it is expected that the light-matter interaction is very strong and that exciton-polariton quasiparticles are the fundamental excitations. 19 For macroscopic crystals and thin films of ZnO, strong exciton-photon coupling has been observed from angle-dependent absorption, reflection, and luminescence spectroscopy at cryogenic temperatures. [19] [20] [21] It has been predicted that due to photon confinement, the light-matter interaction should be enhanced in ZnO nanostructures. 22 Recently, we have studied the excitation spectrum of ZnO nanowires. This work showed that in a nanowire geometry, excitonic light absorption is governed by strong exciton-photon coupling, even at room temperature. 23 Here, we present intriguing emission properties of single, individual ZnO nanowires at room temperature. We found that the luminescence spectrum extends in energy to far below the band gap of ZnO. The nature of the luminescence has been studied by spatially resolved luminescence spectroscopy. We observe that most of the light is emitted via the wire ends. The spectra collected at both of the wire ends are identical and consist of a series of peaks. The spacing between the peaks scales with the inverse wire length, showing that the peaks reflect Fabry-Pérot eigenmodes delocalized over the wire. Further analysis shows that the modes are, in fact, polariton eigenmodes situated on the lower polariton branch. Light-matter interaction is strongly enhanced with respect to macroscopic ZnO. The intensity of each of the polariton eigenmodes exhibits a power law dependence on the excitation intensity, with a power ranging from 1.5 at the higher-energy side to nearly 2 at the lowenergy side of the spectrum. We attribute this nonlinear behavior to the population dynamics of the eigenmodes being governed by polariton-polariton scattering. The fact that the energy and intensity of the light emission from a ZnO nanowire is not only determined by the electronic band diagram but also depends on the wire dimensions and, in a nonlinear way, on the excitation intensity is highly important for ZnO nanowire-based optoelectrical devices. Furthermore, we show that the polariton nature of the eigenmodes in ZnO nanowires revealed in the present study explains the previously reported subwavelength guiding.
ZnO wires were grown epitaxially on a sapphire substrate using a vapor-liquid-solid method at high temperature (960°C ), with gold droplets as a catalyst. 24 The wires were singlecrystalline, the c axis being the long axis, and the sides were facetted; the length of the wires was between 2 and 8 µm, and the lateral dimensions were between 200 and 400 nm. After growth, the wires were transferred to a silica substrate for a microscopic study. The (spatially resolved) luminescence of a single wire was studied with an adapted luminescence microscope (Zeiss Axioplan 2). Single wires lying on the substrate were homogeneously excited with a pulsed Nd:YLF laser at a wavelength of 349 nm (10 ns pulse length, 1.6 kHz repetition rate, corresponding to a timeaveraged cw power density of maximal 1200 W/cm 2 ). Neutral density filters were used to change the excitation power density. The energy of the excitation (3.54 eV) was considerably above the exciton resonances (3.31-3.35 eV at room temperature). A spatially resolved far-field emission spectrum was acquired by scanning the wire with a piezoelectric translator stage (PI) under the microscope with a pinhole mounted in the image plane of the microscope. The luminescence was collected with an optical fiber mounted behind the pinhole and analyzed with a spectrophotometer (SpectraPro 300i, Acton Research) and a liquid-nitrogencooled CCD (Roper Scientific). The spatial resolution that we obtained was about 500 nm. The wire dimensions were determined by SEM. The luminescence spectra of tens of ZnO wires of different lengths have been studied. Figure 1 summarizes the emission properties of a typical ZnO nanowire (4.9 µm in length and 200 nm in diameter as determined by SEM) at a given excitation intensity. Figure  1a shows luminescence spectra acquired at both ends and the central part of the wire. Luminescence is observed from 3.34 eV (close to the electronic band gap) extending to below 3 eV. This luminescence is not due to shallow defects. At cryogenic temperatures, luminescence from donor-bound exciton states in the energy region at around 3.36 eV has been reported. However, this luminescence quenches rapidly with increasing temperature due to the weak binding energy between the donor and the exciton. 25, 26 As a consequence, free excitons prevail at room temperature. The spectra detected at both wire ends are identical and consist of a series of peaks, in contrast to those taken over the central part of the wire. Figure 1b shows that these spectra can be fitted to a sum of Lorentzians, where each Lorentzian (except the two at the highest energy) represents an individual luminescence peak. Figure 1c -e presents the spatially resolved emission patterns for photon energies of 3.17, 3.21, and 3.26 eV, respectively. Photons with 3.26 eV energy (close to the exciton resonance) are detected with a uniform intensity over the entire wire (Figure 1e ). In contrast, below 3.22 eV (in the region with pronounced peaks), light is predominantly emitted at the wire ends (Figure 1c,d ). Since the emission spectra at both of the wire ends feature a series of identical peaks, it is very likely that they reflect standing-wave eigenmodes in the ZnO nanowire. Examination of the spectra of several wires shows that the spacing between the peaks in the emission spectrum becomes smaller with increasing wire length; see Figure 2 . The spectrum of a 2.1 µm long wire shows that the average spacing is around 55 meV (Figure 2a) , while it is 23 meV for a 4.9 µm long wire ( Figure  2b ) and 10 meV for a 7.5 µm long wire (Figure 2c) . Note that the spacing decreases with increasing mode number (see below). The mode spacings are approximately linearly dependent on the inverse nanowire length (Figure 2d ). Hence, we attribute the luminescence maxima detected at the wire ends to a series of standing-wave Fabry-Pérot modes with the wavevector parallel to the wire's long axis (k ) k | ).
The luminescence spectra of single wires reflecting Fabry-Pérot-like eigenmodes were systematically studied under variation of the excitation intensity over a wide range; typical results are presented in Figure 3 . Figure 3a presents the logarithm of the emission intensity versus the photon energy. The dashed lines represent the energy of the eigenmodes; it can be seen that above an excitation intensity of 6.9 W/cm 2 , they shift slightly toward higher energy with increasing excitation intensity. We have fitted each emission spectrum to a sum of Lorentzian peaks (similar as that in Figure 1b ) and analyzed the integrated intensity of each mode as a function of the excitation power; see Figure 3b . The power law did not vary markedly for wires of different lengths below 5 µm, for which the modes can be spectrally resolved at all excitation intensities. The exponent γ(i) is close to 1.6 for the modes at a higher energy and increases to nearly 2 for the modes at the low-energy side of the spectrum. In other words, the lower-energy modes in the spectrum become relatively more pronounced with increasing excitation intensity. In Figure 3a , it can be observed that the Fabry-Pérot peaks become somewhat broader at higher intensity. In general, the peak width depends on the length of the wire, the mode number, and the excitation intensity. If we convert a typical value of the FWHM for the 2.1 µm long nanowire (∼40 meV) into a lifetime, values on the order of ∼10 fs are found. Remark that this is orders of magnitude smaller than the decay time of an exciton in bulk ZnO. 27 From Figure 3a , it can be observed that at all excitation intensities, the energy spacings between neighboring modes become smaller with increasing energy approaching the exciton resonance. This shows that the modes do not correspond to classical Fabry-Pérot light modes in the ZnO resonator. For a fundamental understanding of the luminescence spectrum, it is required to take the coupling between excitons and confined photons into account. Figure 4a (lefthand side) shows a plot of the peaks (data taken from the wire of Figure 3 ) in the energy-wavevector diagram, E-k | diagram. The blue curve shows the dispersion of photons confined in the ZnO nanowire (2.1 µm long, 265 nm in diameter); the cutoff at around 2 eV is due to lateral confinement of the photons in the wire, that is, a halfwavelength equal to the wire diameter. The next lateral mode has a cutoff at around 3.1 eV and can be safely disregarded. It can be seen that the Fabry-Pérot modes of the luminescence spectrum cannot be fitted with the confined photon dispersion. The deviation between the photon line and experimental E-k | points becomes stronger with increasing emission energy approaching the exciton resonance. This indicates that the emission spectrum is determined by strong exciton-photon coupling in the ZnO nanowire. We have therefore used the polariton equation 28 to analyze our results. Figure 4a shows the polariton branches calculated for the ZnO nanowire under study (see also Figure 3 ). It can be seen that the Fabry-Pérot emission modes are situated on the lower polariton branch. We remark that the emission from the upper polariton branch and the band edges (above 3.37 eV) is very weak. A good fit of the modes with the polariton equation is obtained only if the oscillator strength is 5.5-fold enhanced with respect to that of a macroscopic ZnO crystal. Similar results have been obtained with other wires with lengths between 1 and 6 µm and diameter between 200 and 400 nm. At low excitation intensity, the mode energy remains constant, but at higher intensities, there is a slight blue shift of the modes (see Figure 3a) . This is further demonstrated in Figure 4b , which presents a plot of the modes in the E-k | diagram for two excitation intensities; for the lower excitation intensity (diamonds), a fit to the polariton dispersion curve shows that the oscillator strength is 5.5-fold enhanced, while for the larger excitation intensity (squares), the enhancement is 3.8 compared to a macroscopic ZnO crystal. These results show that exciton-photon coupling in ZnO nanowires at room temperature is very strong and becomes only weakened at higher excitation intensities. The luminescent polariton modes located on the lower branch have a considerably larger wavevector k | than that of vacuum light modes (dashed line in Figure 4a ). Hence, due to conservation of energy E and the wavevector k | , escape of these polaritons is forbidden along the length of the wire; see Figure 5b . The wavevector parallel to the end facet is zero or very small; polaritons at the end facets are hence partially reflected and partially transmitted into the vacuum. This explains why the polariton modes are guided, that is, predominantly detected at both wire ends (see Figure  1) . The emission detected above the central part of the wire must hence be considered as a cavity loss, very probably due to scattering between polaritons or between polaritons and phonons (see Figure 5c ). Light of energy at around 3.26 eV is emitted uniformly over the wire, meaning that the modes at this energy are not guided. We attribute this to the strong exciton character of the highest energy modes together with the high mode density in this energy region; these two factors favor scattering of polaritons with themselves and with acoustic phonons. The work presented here strongly indicates that the striking subwavelength guiding in ZnO nanowires 13 is, in fact, mediated by delocalized exciton polaritons of the lower branch. The large wavevector of these modes (at around 25 × 10 6 /m) together with the considerable delocalization (over a length of at least 10 µm) ensures efficient guiding, even through bent parts of the wire, as has been demonstrated. 13 The emission that we detect is mainly due to polaritons that leave the wire at the ends. It is reasonable to assume that the escape probability of a given polariton mode at the wire ends is independent of the polariton density. This means that the emission intensity at a given E-k | point should be proportional to the polariton occupation at this point. However, we observe that the intensity of each mode in the luminescence spectrum increases supralinearly with the intensity of the nonresonant excitation (Figure 3 ). This strongly indicates that the population dynamics of the guided E-k | mode itself is a nonlinear process. Most reasonably, the population dynamics is governed by nonelastic scattering among exciton-polaritons. We remark that also phonon release/uptake by exciton polaritons could play a role. The competition between polariton-polariton and polaritonphonon scattering can explain the gradually varying exponent γ(i) between 1.6 at high mode numbers and almost 2 at the lower mode numbers.
In summary, we have shown that light emission by a ZnO nanowire is governed by a strong light-matter interaction. The emission spectrum and the emitted intensity cannot be explained on the basis of the electronic band diagram and exciton oscillator strength; the dimensions of the wire and the excitation density are equally important factors. The observation that light emission extends to far below the band gap and increases supralinearly with excitation density is important for ZnO nanowire-based light sources. The polariton emission increasing supralinearly with the excitation power can effectively suppress nonradiative exciton decay, which means that, in principle, the photoluminescence quantum yield can approach unity even if the ZnO lattice and the nanowire surface contain natural electronic defects. Our results also provided a natural explanation for the striking guiding in ZnO nanowires that has been reported previously.
(
with the background dielectric constant ∞, the speed of light in vacuum c, the oscillator strength fj, which can be expressed by the transverse (ωj,T) and longitudinal (ωj,L) resonance frequencies (fj ) ω j,L 2 -ω j,T 2 ), a prefactor Ωj as defined in ref 20 , and a factor Γ, which describes the enhancement of the oscillator strength. The resonant frequencies (for A, B, and C excitons) were taken as for a macroscopic ZnO crystal 20 with the resonance frequencies shifted to room temperature. We approximated the hexagonal ZnO nanowire by a nanowire cavity with a rectangular cross section with k⊥ ) π/d as the wavevector perpendicular to the nanowire long axis (d is the nanowire diameter).
